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Compensatory renal growth after unilateral ureteral obstruction.
The accumulation of bulk renal protein, RNA and DNA was
studied in mice during a 35-day period of accelerated renal
growth in the kidney contralateral to that obstructed by acute
ureteral ligation. Control mice were sham-operated and non-
operated. RNA was determined by the method of Monroe and
Fleck, DNA after Ceriotti and protein according to Lowry.
The kidney contralateral to its acutely obstructed mate demon-
strated accelerated growth with increases of 60% (protein),
52% (RNA) and 46% (DNA) at 35 days, These levels were
significantly higher than the levels of protein (23%), RNA
(24%) and DNA (23%) that were recorded in nonoperated
animals. The rate of accelerated growth was similar to that
previously reported after contralateral nephrectomy. Growth
in the contralateral kidney occurred through both hypertrophy
and hyperplasia with hypertrophy contributing most to the
increase in size. In contrast, as observed in nonoperated mice,
normal renal growth occurred through hyperplasia. The data
suggest that the stimulus for accelerated renal growth is the
functional rather than the physical removal of renal mass and
that, once initiated, contralateral growth proceeds at a rate
independent of the initial stimulus.
Croissance compensatrice du rein apres obstruction urétérale
unilatérale. L'accumulation de protéines du rein, de RNA et de
DNA pendant une période de 35 jours de croissance accélérée
du rein a été étudiée dans le rein oppose a celui dont l'uretère a
été lie. Les contrôles ont subi un simulacre d'operation ou n'ont
pas été opérés. Le RNA a été déterminé par Ia méthode de
Monroe et Fleck, le DNA d'après Ceriotti et les protéines suivant
Lowry. Dans le rein oppose a celui dont l'uretère était lie une
croissance accélérée a été démontrée par une augmentation,
après 35 jours, de 60% pour les protéines, 52% pour le RNA et
46% pour le DNA. Ces valeurs sont significativement plus
élevées que celles obtenues chez les animaux non opérés (pro-
téines: 23%; RNA: 24% et DNA: 23%). La vitesse de croissance
accélérée est semblable a celle, antérieurement publiée, observée
après néphrectomie unilatérale. La croissance observée est le
fait a Ia fois d'une hypertrophie et d'une hyperplasie; l'hyper-
trophie est le determinant principal de l'augmentation de la
taille du rein. La croissance normale, telle qu'elle est observée
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chez Ia souris non opãrée, est au contraire le fait de l'hyperplasie.
Ces observation suggérent que le stimulus de Ia croissance rénale
accéléróe est fonctionnel plutôt que physique (ablation de Ia
masse rénale) et, qu'une fois induite, Ia croissance controlatérale
progresse a une vitesse indépendante du stimulus initial.
Ample morphologic and biochemical evidence documents
the phenomenon of compensatory renal growth following
unilateral nephrectomy [1—7]. This compensatory renal
enlargement is accompanied by an increase in total renal
protein, ribonucleic acid (RNA) and deoxyribonucleic
acid (DNA) which exceeds that found in the nonoperated,
normally-growing animal. Less abundant data chart the
contralateral progression of renal enlargement which has
been felt to accompany unilateral and unrelieved ureteral
obstruction. An increased mitotic index has been demon-
strated in the contralateral kidney following acute unilateral
ureteral ligation [8], thus implying that accelerated growth
can be initiated by contralateral ureteral obstruction. The
present study was undertaken a) to determine if accelerated
contralateral renal growth does occur in the presence of
unilateral and unrelieved ureteral obstruction, and if so,
b) to establish the relation of protein, RNA and DNA
accumulation to accelerated growth and c) to assess the
strength of such a stimulus for growth as compared to
that described previously in animals subjected to unilateral
nephrectomy [5, 6, 9].
Methods
Ninety male mice of the Charles River strain, 40 days
old, were maintained on an ad libitum diet of standard
laboratory chow and water for 7 to 10 days prior to study.
All animals were permitted free access to food and water
until surgery and immediately thereafter. Mice weighing
34±1.0 g on day 0 were divided into three groups
designated 1) experimental, 2) sham-operated and 3) non-
operated. All surgery was performed with light anesthesia
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(ether or a single dose of pentobarbital, 0.06 mg/g body wt)
between 7:00 a.m. and 11:00 a.m. All experimental
animals underwent unilateral ureteral ligation with the
ureter being ligated at the level of the ureteropelvic junction
with 000 chromic catgut. The skin was closed with clips.
The right ureter of the sham-operated animals was exposed
and manipulated. Both experimental and sham-operated
mice were housed randomly with nonoperated animals.
Morphological and chemical observations were recorded
sequentially at various times during the next 35 days.
Light microscopy. The renal morphologic response within
the experimental, sham-operated and nonoperated groups
was monitored as follows: two animals were selected
randomly from each group on days 0, 1, 3, 6, 14, 21 and 28,
decapitated, the kidneys removed, fixed in Zenker's solu-
tion, sectioned and then stained with hematoxylin and
eosin.
Chemical estimations of total renal protein, RNA and
DNA. Nonoperated, sham-operated and experimental ani-
mals were matched by weight on days 0, 1, 3, 6, 14, 21,
28 and 35, decapitated, and their kidneys then removed to
buffered 0.25 M sucrose (0.1 M Tris, 0.025 M KCI, 0.015 M
MgCI2, pH 7.6, 4° C) and trimmed. Observations on
kidneys from four animals determined each experimental
point. The left kidneys of sham-operated and nonoperated
mice served as controls for the contralateral nonobstructed
kidney in mice subjected to unilateral ureteral ligation.
The obstructed kidneys and their appropriate contralateral
mates were removed simultaneously and analyzed as well.
The latter results have been reported previously [10, 11].
The kidneys were bivalved and blotted to minimize the
intralumenal retention of tubular fluid, and then weighed
individually on a torsion balance. The kidneys were then
placed in 15 ml of ice-cold glass-distilled water and homo-
genized by ten strokes of a Ten Broeck pestle and brought
to 25 ml in a volumetric flask. Aliquots were removed for
determination of protein, RNA and DNA as described
previously [6, 10—14]. It should be noted that preliminary
studies demonstrated that a single anesthesia with ether or
pentobarbital had no stimulatory effect on the renal
accumulation of protein, RNA or DNA. Similarly, the
addition of known quantities of RNA and DNA to duplicate
aliquots of nonoperrated kidney homogenate prior to
analysis was followed by 98% recovery of added RNA and
86% recovery of added DNA.
Density gradient analysis. Duplicate series of 60 experi-
mental, sham-operated and nonoperated mice were prepared.
Animals were removed for study as above, decapitated,
and the kidneys were removed for polyribosome analysis
on 15 to 30% linear sucrose gradients as described previously
[9—10]. One-half milliliter fractions of the gradient were
collected as necessary.
Radioisotope studies. RNA was labeled by the intra-
peritoneal injection of 10 giCi of orotic acid-2-C'4 (S.A.
50.8 mCi/mmole, Radiochemical Centre, Amersham, Eng-
land) 18 hr prior to sacrifice. Following density gradient
analysis, 0.5 ml fractions were collected, two drops of
0.2% bovine serum albumin (BSA) were added as a
coprecipitant and the fractions were precipitated with
cold 20% trichloroacetic acid (TCA). The precipitate was
collected on Millipore filters and dissolved in modified
Bray's solution (60 g napthlene, 4.5 mg 2,5-diphenyloxazole,
200 mg p-bis [2-(5-phenyloxazoiyl)] benzene, 25 ml metha-
nol and p-dioxane to a final volume of one liter) [15].
Counting was performed in a Liquamat 100 scintillation
counter (Picker Nuclear) equipped with a 20 iCi Cesium
external standard.
Isolation of ribosomal 28S and 18S subunits. Fractions
were collected from beneath the polyribosome profile,
pooled and 0.3 ml of soluble RNA (sRNA-l mg/mi,
0.1 N NaCI) was added. Five percent Na dodecylsulfate
(SDS) was added to a final concentration of 0.5%. This
mixture was vigorously mixed and incubated at room
temperature (27° C, 15 mm) before two volumes of cold
(—20° C) absolute ethanol were added. This was allowed
to stand 12 to 24 hi, —20° C, before centrifugation
(2500rpm, IEC-PR6, 4° C, 15 mm). The pellet was sus-
pended in 0.5% SDS buffered in 0.05 M Tris, 0.1 M NaCI2,
pH 7.4, 27° C and layered on 12.5 ml linear 15 to 30%
(w/v) sucrose-0.5% SDS gradients for density gradient
centrifugation (27,000 rpm, 16 hr, Spinco SW4O rotor,
27° C). One-half ml fractions were collected and precipitated
for counting as above.
Results
The observations discussed below have not only been
reproduced in parallel series of similarly aged mice, but
they have also been made in mice which were older initially
and heavier in weight. In older mice, the observed changes
of protein, DNA and RNA were of lesser magnitude,
although the qualitative patterns of change were identical.
This finding is in agreement with previous observations
that the rate and degree of renal growth are age-dependent,
being more rapid and complete in the younger animals [16].
In addition, the mice were matched carefully by weight at
each point, not only to avoid changes in nucleic acid and
protein content due to size alone, but also (as dietary
restriction inhibits renal growth [6]), to insure that only
those mice were included whose whole body weights were
indicative of an undisrupted nutritional pattern [6, 11—19].
Animals whose postoperative weights were less than their
preoperative weights demonstrated a loss in bulk renal
protein and nucleic acid content and they were therefore
excluded.
Kidney weight, chemical estimations of total renal protein,
RNA and DNA. During the 35-day period of observation,
the nonobstructed left kidney demonstrated an increase in
wet weight, total renal protein, RNA and DNA, which
reflected accelerated or compensatory renal growth
(Figs. I and 2; Tables 1 and 2). As preliminary studies had
demonstrated no difference between the renal response of
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Fig. 1. Changes in renal weight following acute unilateral ureteral
ligation.
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Fig. 2. Percent change in renal protein, RNA and DNA with
progressive ureteral obstruction. The curves were plotted from
the raw data displayed in Table 1. The control curve is an average
of the sham- and nonoperated data from both right and left
kidneys.
Table 1. Bulk data from contralateral non-obstructed kidneys
and their respective controls a
Day Mouse Renal Total Total Total RNA/
wt mean mass RNA/ DNA! protein! DNA
g mean wt
mg
kidney
pg
kidney
pg
kidney
mg
pg
Operated
0 34 266 1333 994 45.6 1.34
1 34 259 1188 1368 47.5 0.866
3 34 282 1350 1063 47.2 1.27
6 35 327 1506 1181 54.7 1.28
14 37 387 1822 1175 59.3 1.55
21 38 377 1852 1268 68.7 1.46
28 38 406 1847 1219 67.5 1.52
35 41 437 2034 1381 72.8 1.47
Sham-Operated
0 34 266 1333 994 45.6 1.34
1 34 261 1178 1156 46.9 1.018
3 34 264 1328 988 48.7 1.31
6 35 265 1334 1081 47.2 1.23
Nonoperated
0 34 266 1333 994 45.6 1.34
1 34 265 1340 998 46 1.34
3 34 268 1340 1022 46.7 1.31
6 35 269 1346 1036 46.8 1.30
14 37 310 1542 1119 54 1.37
21 38 315 1569 1113 60.6 1.41
28 38 320 1543 1194 59.0 1.29
35 41 337 1649 1225 56.8 1.35
a The mean of observations from four kidneys determines each
value. Regression analysis is presented in Table 2.
Measurement Slope-
Experimental
Slope-
Control
Renal weight, g 4.20 2.20
mg protein/kidney 0.74 0.40
mg RNA/kidney 18.80 9.30
mg DNA/kidney 7.50 6.40
mg RNA/mg DNA 0.007 0.001
a Examination of the slope of each curve indicates the degree
to which the contralateral non-obstructed kidneys (in mice
with unilateral obstruction) differed from those in sham-
operated or non-operated mice. The P value for the differences
is <0.01.
sham-operated and non operated animals after day six, all
control observations on days thereafter were derived from
the right kidneys of nonoperated animals alone. The
Renal mass % change in wet weight
—20
—40
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regression analysis displayed in Table 2 was generated
from all individual data points within each period rather
than from the mean values of each period in order to avoid
falsely increased confidence levels. In mice subjected to
unilateral ureteral ligation, the wet weight of the non-
obstructed kidney increased by 64%; in contrast, the wet
weight of the control kidneys from non-operated mice
increased by 26%. These increases in wet weight were
matched closely by increases in total renal protein content,
indicating organ growth rather than fluid retention.
a12:10
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Fig. 4. Orotic acid-2-C14 labeling of RNA.
Tissues were labeled, prepared and ana-
lysed as described in the text. Sedimen-
tation is to the left. Optical density (—),
cpm (- --).
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Regression analysis (Table 2) indicated that the incremental
accumulation of wet weight and protein within the rapidly
growing non-obstructed kidney was almost double that of
the normally growing control kidney from nonoperated
animals. The increases in total renal RNA and DNA
content were not as great, reaching maximum increases of
52% and 39%, respectively, in the non-obstructed kidney
during the 35-day observation period. The corresponding
increases were much less in the control kidneys from non-
operated mice, averaging 23% (RNA) and 23% (DNA),
respectively. The mg RNA/mg DNA in the nonoperated
control kidney was unchanged throughout the 35-day
period while this ratio peaked at 14 days in the non-
obstructed kidneys before falling slightly to a final value
of 1.44 on day 35 (Table 1, Table 2, Fig. 2).
Cytoplasmic ribosome distribution. The cytoplasmic
ribosome distribution in the normal mouse kidney was
characterized by a large number of heavy rapidly-sedi-
menting polyribosomes, progressively fewer oligosomes,
and a peak of single ribosomes which did not exceed the
optical density maximum of the heavy segment (Fig. 3).
The changes on the side of ureteral obstruction were as
previously described with a progressive dissolution of the
polyribosomal profile [10]. In contrast, a progressive
increase in the total amount of polyribosomal material
occurred in the contalateral and non-obstructed kidney
(Fig. 3).
Radioisotope studies. The orotic acid-2-C14 labeling of
the polyribosomal segment of the polysome profile became
increasingly prominent with time in the contralateral and
non-obstructed kidney (Fig. 4). This was reflected in
increased specific activity of the 28S and 18S ribosomal
subunits (Fig. 5).
Discussion
Accelerated or compensatory renal growth does occur in
the mouse kidney after acute and sustained contralateral
ureteral ligation. The initiation and rate of growth are
similar to that found in the remaining contralateral kidney
after unilateral nephrectomy [5, 6, 9]. Furthermore, as
noted after unilateral nephrectomy, compensatory growth
after contralateral ureteral obstruction occurs through
both hypertrophy and hyperplasia.
The problem of compensatory growth and the stimulus
for its initiation been have studied and sought intensively,
both in laboratory animals and man. Most studies of com-
pensatory renal growth have been undertaken following
unilateral nephrectomy. The present data demonstrate that
acute unilateral ureteral obstruction also initiates an in-
crease in renal weight, protein, RNA and DNA in the
contralateral unobstructed kidney which exceeds that
observed both in sham-operated and nonoperated control
kidneys of similar age. Histological examination failed to
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Fig. 3. Folyribosome profiles obtained after increasing duration of ureteral obstruction. Sedimentation is to the left.
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Fig. 5. Orotic acid-2-C'4 labeling of 28S and 18S ribosomal RNA.
Ribosomal RNA labeled, isolated and analysed as described.
Sedimentation is to the left. Optical density (—), 14C cpm (--
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reveal any evidence of interstitial edema or inflammatory
infiltrate which might account for the observed changes.
The accelerated increase in renal weight and the accom-
panying accumulation of those molecular species commonly
associated with organ growth strongly suggest that com-
pensatory renal growth does occur. The evidence indicates
that the consistency of nuclear DNA previously established
for euploid tissue persists [20]. Thus the observed increase
in total renal DNA of 39% should indicate a parallel
increase in the total number of cells, a hyperplastic response
[20]. The increase in RNA (+52%) relative to DNA
(+39%), as reflected in the changing RNA/DNA ratio
(1.35 to 1.47) indicates that hypertrophy accompanies the
hyperplasia of compensatory growth. The extent of this
hypertrophy is established by the increases in renal weight
(+64%) and protein (+60%) relative to DNA (+30%).
The accelerated growth rate should be contrasted to renal
growth in sham-operated and nonoperated kidneys. The
stability of the RNA/DNA ratio (1.34) in the nonoperated
and sham-operated control kidneys and the parallel in-
creases in weight, protein, RNA and DNA indicate that
renal growth after a certain age must occur through an
orderly progress in the total number of cells within the
kidney. The data support previous observations that
RNA/DNA ratios in male Charles River mice increase
from 0.6 in youth to 1.2 at 40 days of age, and thereafter
plateau at this level [21].
A similar growth response combining both hypertrophy
and hyperplasia has been observed in the contralateral
kidney following unilateral nephrectomy [6, 16]. The
degree and rate of compensatory growth observed during
this study were similar to that observed after unilateral
nephrectoiny in male Charles River mice of the same age
and weight [6]. Thus it would appear that the functional
removal of renal mass is as effective as the physical and
absolute removal of renal mass in initiating the phenomenon
of compensatory growth; once initiated, growth proceeds
at a rate independent of the original stimulus.
The changes in bulk renal protein and RNA associated
with accelerated renal growth can be correlated with
changes found to occur in the polyribosomes, the macro-
molecular apparatus felt to be primarily responsible for
cellular protein synthesis [22, 23]. Major cellular changes
associated with the synthesis of new or additional proteins
have been shown to modify the polyribosome distribution
[24—26]. The polyribosome distribution of the non-
obstructed kidneys undergoing accelerated growth did
change in the presence of contralateral ureteral obstruction.
The changes were characterized by a progressive increase
in the amount of heavy, rapidly-sedimenting polysomal
material. Not unexpectedly, the observed changes in the
polysomal profile after contralateral obstruction were
similar to those described by Malt in the kidney undergoing
compensatory growth after uninephrectomy [9].
The half-life of rRNA has been previously demonstrated
to be 4.1 days in both the uninephrectomized and sham-
operated mouse [6]. The rate of RNA labeling cannot
definitively establish the rate of RNA synthesis unless the
specific activity of the precursor pool is known [21].
However, in mice with unilateral obstruction, orotic acid
labeling of polyribosomes from the nonobstructed kidney
increased progressively as the period of compensatory
growth extended. Simultaneously, the specific activity of
the 28S and 18S ribosomal subunits increased. Despite
the above noted reservations, this increased specific
activity, coupled with an increase in total renal RNA and
knowledge that the half-life of ribosomal RNA is unchanged
following uninephrectomy, altogether imply that RNA
synthesis increases with accelerated growth.
The present data detail the gross and macromolecular
changes of compensatory renal growth initiated by contra-
lateral acute ureteral obstruction against a background of
normal renal growth as seen in sham-operated and non-
operated control mice. Normal renal growth occurs
through hyperplasia with parallel increases in renal weight,
protein, RNA and DNA. Compensatory renal growth is
accomplished through a combination of hypertrophy and
hyperplasia. The degree and rate of compensatory growth
appear to the independent of the stimulus, being similar
whether they are initiated by uninephrectomy or by acute
ureteral obstruction. Such growth seems dependent on
increased RNA synthesis with amplification of the poly-
ribosomal protein assembly mechanism.
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